Background: Double-beta decay is a rare nuclear process in which two neutrons in the nucleus are converted to two protons with the emission of two electrons and two electron anti-neutrinos.
I. INTRODUCTION
The main motivation for studying double-beta decay is clear: to shed light upon the nature of the neutrino. Though much has been discovered in the field of the neutrino since its conception and later discovery, some very basic traits remain unknown. Two of these are the Majorana or Dirac nature of the neutrino, and the particle's mass. Observation of neutrinoless double-beta (0νββ) decay would answer the question of the nature of the neutrino while simultaneously determining the mass, assuming the nuclear matrix elements (NMEs) for that particular nuclear transition are known. Here, the study of two-neutrino double-beta (2νββ) decay can prove useful by providing experimental data which can be used to test and calibrate theoretical models needed to calculate 0νββ NMEs [1] . A study of the rate of the 2νββ decay of 150 Nd to excited final states of 150 Sm will be described. This work took place both at Triangle Universities Nuclear Laboratory (TUNL) and at Kimballton Underground Research Facility (KURF).
The 2νββ decay rate, λ, can be described by the following equation,
where G 2ν contains phase space integrals and relevant constants and is dependent on the Q-value of the decay, and
GT represents the Fermi (F) and GamowTeller (GT) components of the 2νββ decay NMEs. Ideal nuclei for 2νββ decay studies have a high Q-value and large NMEs. There 238 U (see [2] for an excellent compilation of these results). However, the neutrinoless mode has not yet been observed.
Besides the Q-value, other quantities which can be considered in order to maximize the experiment's success in detecting double-beta decay include natural abundance, availability of the isotope, possibility of enrichment, and source cost. To optimize the source efficiency, the number of isotope nuclei must be maximized, which is heavily dependent on the abundance, enrichment possibility, and availability of the isotope. One of the best candidates for 0νββ searches is 150 Nd. It has the second highest Q-value (Q ββ =3.37 MeV) and the largest phase-space factor of all 0νββ candidates [3] , and has a natural abundance of 5.64%. Although 150 Nd is strongly deformed, calculations by Fang et al. [3] show that the deformation suppresses the 0νββ NME by only about 40%.
Very recently, a novel decay channel of the scissors mode 1 + sc to the first excited 0 + state (0 + 1 ) of 154 Gd was reported by Beller et al. [4] , implying a much larger matrix element than previously thought for the 0νββ decay to the 0 + 1 state in the shape transitional regions of the N=90 isotones. In fact, it was argued in [4] that the 0νββ decay of 150 Nd to the 0
state in 150 Sm may be slightly favored over the transition to the 0 + ground state due to the calculated nuclear matrix element ratio M 0ν (0 [5] taken into account, the ratio of the partial decay rates can be calculated using λ 0νββ [0 Recently, the 2νββ decay half life of 150 Nd to the excited 0 
II. EXPERIMENTAL METHOD
Our double-beta decay setup consists of two highpurity germanium (HPGe) detectors surrounded by several layers of active and passive shielding. These detectors operate in coincidence in order to detect deexcitation γ rays from an excited final state of a nucleus which has undergone double-beta decay. The implementation of the coincidence technique here has two results. Requiring two distinct, simultaneous gamma-ray energy deposits immediately and significantly reduces the occurrence of background events. Also, although the efficiency for detecting these two gamma rays is reduced compared to single-gamma detection, the uniqueness of the signal means a generally unambiguous result.
The HPGe detectors of the TUNL double-beta decay setup are p-type, coaxial germanium detectors about 8.8 cm in diameter and 5.0 cm in thickness. The endcap of each detector is nickel-plated magnesium about 2.54 mm thick at the front face. The detector assembly is connected to the cryostat in the j-type configuration. To reduce background, the preamplifier and high-voltage filter are housed away from the crystal near the LN dewar. This type of configuration also easily allows the detectors to be inserted into the veto annulus. A diagram of the setup is shown in Figure 2 .
The detectors sandwich the double-beta decay sample. Our neodymium sample consists of 50.00 g of Nd 2 O 3 powder, which corresponds to 42.87 g of Nd. This is enriched to 93.60%
150 Nd, which is 40.13 g 150 Nd. The Nd 2 O 3 powder is compressed within a cylindrical cavity in a polycarbonate holder 0.780 ± 0.005 cm thick and 2.86 cm in radius. The polycarbonate casing adds 0.159 ± 0.005 cm to each side. Though the total diameter of the holder is about 8 cm, the Nd 2 O 3 is concentrated in the center to take advantage of the coincidence efficiency of the detectors (see Sec. II.7). Furthermore, to guard against losing any of the enriched Nd 2 O 3 if the polycarbonate was breached, the sample was kept within a tedlar bag, which added 0.013 ± 0.005 cm to each side. See Fig.  3 for a picture of the Nd 2 O 3 sample. The detectors were then 1.124 ± 0.009 cm apart.
II.1. Passive shielding
The first goal of shielding is to reduce the number of gamma rays produced outside the sample from reaching the detectors. To absorb these gamma rays, high-Z material is placed around the detector setup. The TUNL setup has a lead house built around and beneath it. The thickness is about 6 inches (about 15 cm) on all sides. At 500 keV, relatively near our region of interest, the attenuation of 15 [11] . Using another absorbing material, such as copper inside the lead shield can reduce the effect of the Bremsstrahlung radiation from the daughters of 210 Pb.
II.2. Active shielding
Another way to reduce the background, especially the Compton continuum, is to employ active shielding. This type of shielding can discriminate when a gamma ray is scattered out of the detector leaving only part of the energy deposited, or when a gamma ray comes from outside the system. The HPGe detectors are surrounded by a sodium iodide (NaI) annulus with two plastic plate scintillators on the endcaps. The NaI(Tl) crystal is housed inside of low-background aluminum. The annulus has dimensions of 12.5 cm and 35.6 cm for the inner and outer diameters, respectively, and is 50 cm long. Six standard 3 inch diameter photomultiplier tubes (PMTs) are installed on each end of the NaI annulus, though using only three on each side provided adequate coverage. The plastic plate scintillators are 10 cm thick and 30 cm × 30 cm square. Each plastic plate has two 2 inch PMTs on opposite sides.
Because of its proximity to the HPGe detectors, the NaI annulus is particularly vital to the veto process. The plastic scintillators function to veto particles which would not be seen by the annulus, i.e., they travel nearly horizontal, along the axis of the annulus. This seems unlikely for a primary particle, but secondary interactions in the shielding, or Compton scattering in the detectors could result in such a condition.
II.3. Electronics
Our electronics setup consists of standard commercially available NIM and Computer Automated Measurement and Control (CAMAC) modules. A signal produced in one of the HPGe detectors is first transmitted through a preamplifier and is then sent to an amplifier for shaping and amplification. There are two outputs of the amplifier module. The unipolar output is sent to the ADC via a delay amplifier set to 4.75 µs. This delay is chosen to coordinate the signal with the separate timing signal which opens the gate to the ADC. The pulse height of this unipolar signal is proportional to the energy deposited in the HPGe detector.
The bipolar output of the amplifier is sent first to a timing single-channel analyzer (SCA) whose output is a logic signal which represents the arrival of the original signal. This signal is sent to a discriminator. One of the discriminator outputs is sent to start the time-toamplitude converter (TAC). For detector 1, this signal is sent directly to the "start" input of the TAC, but for detector 2, the corresponding signal is first directed through a delay of 1 µs before being sent to the "stop" of the TAC. The TAC output is sent to the ADC. The other discriminator output goes to a logic module which is set to deliver a logic pulse if there is a signal in either HPGe detectors. One output of this OR gate triggers the ADC, and the other goes to another logic circuit which produces a logic signal if there is also a corresponding signal in the veto electronics. (See Fig. 4 a.) The intention of this coincidence measurement is to detect a signal in coincidence with both HPGe detectors, but not in any of the veto detectors. Therefore, the energy of the signal coming from the veto detectors is not relevant; only the fact that the veto counters have fired in coincidence with either HPGe detector is important. The outputs of the PMTs which collect the scintillation light from both the NaI crystal and the plastic shields are summed, sent to a discriminator, and delayed to coincide with the signals from the HPGe detectors. This output is sent to the logic unit mentioned in the previous paragraph which performs an AND gate on the veto and HPGe signals. If there is a signal in either HPGe detector and a signal in the veto counters, an output is sent to start the veto TAC. The stop is a delayed copy of the veto signal, and the TAC output is sent to the ADC. (See Fig. 4 b.) 
II.4. Computer interface
After making it to the ADC, the signal must now be digitized and sent to the data acquisition (DAQ) system. The ADC used in this setup is an Ortec AD811. This module is a CAMAC module in a CAMAC crate. It contains eight ADCs which can each accommodate 11 bits, or 2047 channels. Of these eight ADCs, five are utilized: one for each HPGe detector, one for the timing between the two HPGe detectors, and two for the timing between either HPGe and the veto counters.
The strobe input is supplied by the gate generator in the electronics circuit which is triggered by a signal from either HPGe detector. The strobe input begins the digitization process of any peaks found in the five ADC channels. The AD811 takes approximately 80 µs to process an analog signal and output a digital signal, and afterwards generates a "look-at-me" (LAM) signal to the CAMAC controller. The CAMAC crate controller is a Wiener CC32. The CC32 module interfaces the CAMAC crate with the data-acquisition host computer.
The DAQ system used is the CEBAF On-line Data Acquisition (CODA) program, first developed at Jefferson Laboratory in Newport News, Virginia. Each CODA data file contains the energy deposited in each detector and the three TAC spectra. These files are converted to ROOT files for analysis via the TUNL Real-time Analysis Package (TRAP). TRAP creates a ROOT tree which contains event-by-event data for each detector [12] .
II.5. Kimballton Underground Research Facility
The Kimballton Underground Research Facility (KURF) is a relatively new facility located at the Kimballton mine run by Lhoist North America. The Kimballton mine is an operating limestone mine with over 50 miles of drifts and a current maximum depth of 2300 feet. Our present facility is located at the 14th level at a depth of 1700 feet [1450 meters water equivalent (m.w.e.)]. For more information about the facility, please consult Ref. [13] .
Our double-beta decay apparatus was previously operated above ground in the TUNL Low Background Counting Facility (LBCF), a shielded room in the basement of the Duke Physics Building where it was used to investigate the double-beta decay of 100 Mo to excited final states [14] and neutrinoless double-electron capture in 112 Sn [16] . Fig. 5 shows normalized singles spectra taken at the TUNL LBCF and at KURF with an enriched 112 Sn sample in place. While many of the gamma-ray lines in Fig. 5 are intrinsic to our setup and thus not reduced by moving underground, the reduction of cosmic-ray background is apparent. The 511.00 keV peak is reduced by a factor of ten, and the inelastic neutron scattering by 74 Ge at 596.85 keV and 72 Ge at 689.6 keV is no longer distinct as can be seen in Fig. 5 . However, the radon concentration (see 609.32 keV line from the decay of 214 Bi to 214 Po in the 238 U decay chain) at KURF is considerably larger than above ground at TUNL.
II.6. Analysis
Data acquisition took the form of runs of 3-5 days in length. A run over this length of time resulted in the accumulation of sufficient counts for calibration purposes. In the TUNL setup, there are a few contaminants that are inherent to the setup or to the sample that are used for calibration purposes. A wide range of energies were chosen to ensure a calibration valid over the entire spectrum. Peaks used were the 238.63 keV from the β-decay of 212 Pb in the 232 Th decay chain, the annihilation peak at 511.00 keV, the 40 K peak at 1460.82 keV, and the peak at 1764.49 keV from the β-decay of 214 Bi to 214 Pb. In addition to providing calibration data, such frequent calibration allowed for monitoring of detector stability. Each calibration peak was fit with a Gaussian with a linear background. The centroids extracted from the fit of each calibration peak as well as the calibration fit parameters were stored for each run. The 238.63 keV peak's centroid varied by only 0.2% over the 642.8 day counting period, and the 511.00 keV peak varied by only about 0.3%.
To investigate the coincidence data, events in detector 2 are plotted versus the events in detector 1. Only the events which meet the coincidence timing requirement (about 4 µs) between the two detectors and the anticoincidence timing requirement (about 10 µs) between the detectors and the veto are plotted in this spectrum (see Fig. 6 ). A few features in this graph are the diagonal lines and the horizontal and vertical lines. The diagonal lines are the result of a photon from a strong background peak which deposits part of its energy in one detector, and the remainder in the other detector. When a slice of the 2D histogram is projected onto its parallel axis, this diagonal line can manifest itself as a peak. These peaks will be referred to as "shared-energy peaks". The horizontal and vertical lines are the result of true coincidences between a strong background peak and a Compton scattered gamma ray from a member of the associated cascade. See Fig. 7 for a demonstration of the shared energy peaks' effects in the coincidence spectrum.
The high-intensity spot in the upper right of is a pulser which was used to determine the dead time.
The use of the pulser was discontinued after a short time due to the low count rate; the dead time was always less than 0.5%. A quick calculation can also verify the rate of accidental coincidences. The event rate seen by each detector is about 0.25 events/s, and the coincidence timing window is 4 µs. The accidental rate can be calculated by multiplying the rate in detector 1, the rate in detector 2, and the timing window width. This calculation results in a coincidence rate of about 14 events in the entire counting time. These should be distributed evenly over the entire two-dimensional spectrum, and so, do not contribute to events within the region of interest. In fact, since some of the events counted in the event rate are true coincidental events, this is an overestimate of the coincidence event rate.
In the two-dimensional spectrum, the events of interest would occur at coordinates of (333.97 keV, 406.52 keV) and (406.52 keV, 333.97 keV). The significance of the counts in the two-dimensional regions of interest can best be seen by projecting them onto the x-or y-axis. To accomplish this, an energy condition (i.e. 333.97 ± 2.50 keV) is applied to events in one detector, and all the events which occur in the other detector in coincidence are projected into a histogram. This results in four histograms; two are in coincidence with 333.97 keV in detectors 1 and 2, and two are in coincidence with 406.52 keV in detectors 1 and 2. The corresponding histograms can then be summed so that all events in coincidence with a 333.97 keV photon are in one histogram, and vice versa, reducing the number of histograms to two (see Fig.  8 ). To avoid any histogram summing effects, the detec- Here it can be seen that a cross section of the two-dimensional spectrum containing the diagonal and vertical lines can result in peaks in the projection spectrum. Prominent peaks are labeled. Note that the 1460.82 keV peak (from the 40 K decay) occurs at 1126.85 keV in the 333.97 keV coincidence data, since it is a result of the full energy being shared between both detectors.
tors were carefully gain matched and the bin widths are extremely close.
II.7. Coincidence efficiency
The coincidence efficiency of our double-beta decay apparatus has been measured using a 102 Rh source sandwiched between molybdenum metal disks. These disks were used for the case of the 100 Mo double-beta decay measurement. See [14] for details regarding the coincidence efficiency measurement. Note that this particular source is chosen such that the angular correlation of the decay,
matches that of the decay of the 0 , (3) where the subscripts 1γ and 2γ refer to the relative efficiency of detectors 1 or 2 at that particular energy. This factor was calculated to be 1.50±0.07.
The different attenuation properties of the materials must then be taken into account. As the original coincidence efficiency measurement was taken for the 100 Mo measurement, molybdenum metal was used as the attenuator. The attenuator in the present case is Nd 2 O 3 . The attenuation coefficients for 333.97 keV and 406.52 keV were obtained for this material from XCOM, a photon cross-section database online at NIST [17] . This factor is then calculated:
where A N d2O3 (E γ ) and A M o (E γ ) are the survival probabilities of a photon of energy E γ in Nd 2 O 3 and molybdenum metal calculated from the attenuation coefficients. Note that the attenuation must be calculated with 0.500 ±0.005 cm attenuation length for the molybdenum metal, 0.390±0.005 cm attenuation length for the Nd 2 O 3 . Figure 10 shows the corrected yields for the 150 Nd experiment as a function of radius. It gives the efficiencies as a function of r. The error bars represent the statistical uncertainty of the data. The data points are an average of a two scans: one was horizontally across the face of the detector, and the other was vertically across the face of the detector. Here, the effect of the position uncertainty of the 102 Rh source is added in quadrature to the statistical uncertainty. The coincidence efficiency is rather small, close to 1.3% in the -1 cm < r < 1 cm range and then dropping smoothly to about 0.2% at r=4 cm. The size of the cavity of the Nd 2 O 3 holder takes advantage of this effect, concentrating the powder in the most efficient region of the detectors.
The curve through the data points in Fig. 10 is a leastsquare fit using the empirical functional form The data were taken with the 102 Rh source (Eγ1=468.64 keV and Eγ2=475.10 keV) and then corrected for detection efficiency and attenuation differences between the two γ-ray pairs involved, and a geometric correction was applied. The curve through the data presents a least-squares fit. The upper and lower curves indicate the ±6.8% scale uncertainty associated with our data.
where a, b, and c are free parameters and r=0 refers to the center on the front face of the HPGe detectors. A careful inspection reveals a slight asymmetry in the coincidence efficiency, providing slightly larger values for r< -2 cm. The lower (dashed) and upper (dashed-dotted) curves shown in Fig. 10 represent our systematic uncertainty of 6.8%.
The radial contribution to the coincidence efficiency was calculated using r = 2π γγ (r)rdr 2π rdr ,
where γγ (r) is the best fit obtained from an asymmetric fit to the data. This value is then corrected by the z-dependence of the coincidence efficiency measured and confirmed by Monte-Carlo simulation [15] , where z is the distance from the face of the detector. There is a 10% decrease in efficiency at the center of the 1 cm thick molybdenum disk compared to the front and back faces. The final results yields a total coincidence efficiency for the 150 Nd geometry of tot =(1.18±0.080)% where the uncertainty of 6.8% is due to the contributions listed in Table  II . They include an estimated 3% uncertainty due to the slightly irregular shape of our 150 Nd container.
III. REJECTION OF BACKGROUND CANDIDATES
To correctly interpret the results of the data analysis, a thorough understanding of the types of potential background candidates must be obtained. In this section, the types of backgrounds which can contribute to the ROI will be discussed. Specifically, it must be verified that there are no other sources which can produce a 333.97 keV gamma ray in coincidence with a 406.52 keV gamma ray.
III.1. Natural decay chains
All materials, unless processed to remove them, naturally contain some amount of Potassium (K), Thorium (Th), and Uranium (U). Radon can also be a worrisome contaminant as it is gaseous and can plate out on surfaces in the detector setup and is a by-product of the natural decay chains. [18] .
The largest source of background from a natural decay chain is the 150 Nd sample itself. This sample was leased from Oak Ridge National Laboratory (ORNL) where it was enriched in the calutrons. The enrichment process also resulted in a contamination of 232 Th decay products, as confirmed by an independent radioassay. This contamination manifests itself in a multitude of gamma-ray emissions from the β − -decay of 228 Ac to 228 Th. Three of these characteristic gamma-ray emissions are in close proximity to the ROI of the 333.97-406.52 keV coincidence. They are 328.00 keV, 338.32 keV, and 409.46 keV with intensities of 2.95%, 11.27%, and 1.92%, respectively [18] . Again, none of these gamma-ray energies occur in coincidence with each other. However, the 328.00 keV and the 338.32 keV gammas do appear in the summed event histogram shown in Fig. 8 (b) This decay chain can also contribute to the areas surrounding the regions of interest via true coincidences which will form peaks in the one-dimensional summed event spectrum. In Table III these coincidences are listed. Because the statistical precision is so low, and the intensities of these coincidences often so small, it is difficult to verify that they explain any excesses of counts in the areas around the ROI. There are two other contaminants to the sample which can be seen in the two-dimensional spectrum, and in one case, contribute to the background near the ROI. Gd and emits (among others) a gamma ray at 344.28 keV (26.6%) in coincidence with a gamma ray at 411.12 keV (2.24%). The limits which define the 406.52 keV ROI cut into the tail of this coincidence which appears in the two-dimensional spectrum. This seems to account for an excess of counts near 344 keV.
III.2. Identification of natural background in data
Because the background discussed in the previous section cannot ever be completely removed, its contribution in and around the ROI must be understood. Mostly, these decays contribute in a general way to the Compton continuum, but a few of the gamma-ray emissions make contributions in the one-dimensional histograms discussed in Section II.6. The first specific natural background lines to be discussed are the 742.81 keV gamma ray emitted in the decay of 234m Pa, the 768.36 keV gamma ray emitted in the decay of 214 Bi, and the 727.33 keV gamma ray emitted in the decay of 212 Bi. Examining the singles spectrum near these energies, it can immediately be observed that the 742.81 keV fullenergy peak is substantially smaller than the surrounding 727.33 keV and 768.36 keV full-energy peaks (see Fig. 11 ). If the one-dimensional coincidence spectrum is then examined, the shared-energy peaks attributed to the 727.33 keV and 768.36 keV γ rays can be identified. By comparing the intensity of the shared-energy peaks to the intensity of the full-energy singles peaks, it can be estimated that the 742.81 keV γ ray would contribute 1.2 ± 0.6 counts in the ROI over the entire counting period (see Fig. 12 ).
The other background which contributes in the areas surrounding the ROI for 333.97 keV are the gamma rays emitted in the decay of 228 Ac to 228 Th which have energies of 328.00 keV and 338.32 keV. In the twodimensional spectrum near the regions of interest, these gamma-ray transitions are responsible for creating vertical and horizontal lines at the aforementioned energies which extend up to 1400 keV. As discussed in Section II.6, these are formed when the full energy of a gammaray transition is deposited in one detector in coincidence with a Compton-scattered gamma ray in the other detector which does not deposit its full energy. The effect of the one-dimensional summed event spectrum is to take a cross section of the two-dimensional energy spectrum. Thus, when the cross section is taken across one of these horizontal or vertical lines, an excess of counts in the one-dimensional spectrum can occur. This is the cause of the "peaks" which occur noticeably at 328 keV, and less definitely at 338 keV, as can be seen in Fig. 8 (b) .
Two issues arise from this realization that the cross section of Compton scattering coincidences can create peaks in the one-dimensional summed event spectrum. The first of these is whether a peak can be expected in the other one-dimensional spectrum from a Comptonscattering coincidence with the 409.46 keV peak in the decay of 228 Ac to 228 Th. The second of these also helps in the discussion of the previous issue, and is related to the intensities of the Compton-scattering coincidence peaks. As stated previously, the intensities of the fullenergy peaks for 328.00 keV, 338.32 keV, and 409.46 keV are 2.95%, 11.27%, and 1.92%, respectively, but the Compton-scattering coincidence peaks do not appear to follow these intensities. To understand the contribution of the 409.46 keV Compton scattering, the intensities must be calculated using the branching ratios to all states which make a transition through the 328.00 keV level, the 396.08 keV level (through which transition results in the 338.32 keV gamma ray), and the 1431.98 keV level (through which transition results in the 409.46 keV gamma ray). It can be calculated from the NNDC data tables [18] that 2.9% of all 228 Ac decays to 228 Th proceed in coincidence with 328.00 keV with energies large enough to Compton scatter into the 406.52 keV ROI. Similarly, the percentage of decays in coincidence with 338.32 keV is 2.3%, and for 409.46 keV, only 0.26%. Thus, it makes sense that the excesses of counts in the 328.00 keV and 338.32 keV areas are of a comparable size, and it can be deduced that only one-tenth of those counts are expected at 409.46 keV.
To further explore this source of background, two further data sets were acquired. One data set is taken over a time period of 180.76 days with no sample inserted between the detectors (see Figs. 13 (a) and (b) ). The drastic effect on the background can immediately be seen. The time period over which this is taken is equal to about 28% of the time period over which the 150 Nd was taken. This confirms that the background in the sample clearly dominates over backgrounds in the experimental environment.
The second data set was intended to study the gammaray lines which surround the ROI and how the thorium contamination contributes in the ROI. A ThO 2 sample was placed between the detectors and counted for 1.10 days (see Figs 13 (c) and (d) ). This data set was analyzed in two ways. First, the analysis on the 150 Nd data, which will be further described in Section IV, was identically performed on this ThO 2 data set. This analysis revealed zero excess counts in the ROI compared to the continuum. The second analysis performed on the ThO 2 data compared the areas of the 328.00 keV and 338.32 keV peaks to the area inside the ROI. This ratio was then applied to the 150 Nd data to discover how many events are expected in the ROI due to the thorium contamination. Since it was already verified that the background is dominated by this contamination, this result should be the sole contribution to events in the ROI. This analysis gave the same results which will be presented in Section IV. Therefore, we can be confident that the thorium contamination is not responsible for any excess of counts in the ROI.
III.3. Cosmic-ray backgrounds
For a low-background counting system such as our double-beta decay setup, cosmic rays could account for a significant portion of the background. Fast neutron flux at sea level is the result of the muons interacting with high-Z materials. The neutrons can then interact in materials via (n, p), (n, α), (n, 2n), and (n,n'γ). Reducing this background contribution can be done by going underground. By installing our double-beta decay setup at KURF, the muon flux was reduced by a factor of 4×10
5 . Cosmic-ray background could permeate the regions of interest via proton and neutron reactions on nuclei near or within the source, resulting in production of the excited state in the final nucleus which would appear like a double-beta decay event. It must be shown that the events seen in the ROI were not produced by any other mechanism than double-beta decay.
III.3.1. Proton activation
A potential background candidate results from proton activation of the 150 Nd nucleus. A significant proton flux through the apparatus could result in the (p,n) activation of 150 Nd, producing the nucleus which would be the intermediate state in double-beta decay, 150 Pm. 150 Pm can then β decay to 150 Sm with a half-life of 2.68 hours. This β decay can produce the excited-state decays which would be attributed to a double-beta decay event. Because the half life of the activated nucleus is so short, any activation due to a significant proton flux, such as during transport would have died away long ago, and so the only concern in this case would be continual activation during the experiment.
Though the cosmic-ray flux has been significantly reduced by going underground, because of the extremely long half life of double-beta decay, even a small flux is In all spectra, the coincidence window is ± 3.00 keV.
reason for concern, although it is unlikely that a primary cosmic-ray proton can penetrate the overburden at KURF. To investigate the (p,n) case, the β decay of 150 Pm must be studied. As can be seen in Fig. 14, only 1 .4% of the β decays feed the 0 + 1 excited state. It should also be noted that 19.7% of the β decays feed the 2 − state at 1658.29 keV, and 26.4% feed the 1 − state at 1165.61 keV. Both of these states decay emitting a 1324.51 keV gamma or a 831.92 keV gamma, respectively, in coincidence with the 333.97 keV gamma. The probability of these decays are much larger than the probability of the decay to the 0 + 1 excited state, so searches for these higher excited- state coincidences will reveal the possible contribution to the double-beta decay regions of interest. Indeed, no coincidences were observed above background at either 1324.51-333.97 keV or 831.92-333.97 keV. As a result, a limit on the rate of events in the ROI was calculated to be < 2.5 × 10 −9 Hz, or a contribution of <0.14 counts in the ROI over the entire counting time. Thus it is extremely unlikely that (p,n) activation of 150 Nd contributes to the background in the regions of interest.
III.3.2. Neutron background
Finally, a significant neutron flux through the detectors and source disk provides another potential source of background. The lead brick enclosure shown in Fig. 2 is not very effective in stopping neutrons; the cross section for neutron capture is rather small. The source of a neutron flux could be due to primary cosmic-ray flux, or from secondary interactions such as (p,n) occurring in the room or in the setup. Neutrons can be produced by high-energy protons interacting in the lead or via (α, n) reactions, especially in the glass of the PMTs used in the NaI annulus. A variety of interactions are available once a neutron flux is present, such as (n,γ) capture, (n,n'γ) inelastic scattering, elastic scattering, or even (n, 2n).
The presence of a neutron flux can be checked by examining the γ-ray energy singles spectrum for characteristic neutron interactions with germanium nuclei. Neutrons which scatter inelastically off germanium nuclei in the crystal generate peaks which are broadened due to the recoil of the nucleus. Referring again to Fig. 5 , when our double-beta decay setup was operated at the LBCF, at 595.85 keV and at 689.6 keV there are peaks with the distinctive sawtooth shape originating from (n,n'γ) on 74 Ge (which is 36.5% naturally abundant) and 72 Ge (27.4%). Specifically referring to the latter of these two interactions, it was occurring at a rate of 20.3 day −1 . However, once underground at KURF, the signal is indistinguishable from background, setting a rate limit of <5.4 day −1 . Since none of these interactions result in coincident gamma rays in our region of interest, this reduction is not necessarily applicable to our setup, but is purely a matter of interest.
IV. DOUBLE-BETA DECAY OF
150 Nd TO 0
As stated in Section II.6, obtaining the raw data is a straightforward procedure following the accumulation of coincidence data. There are no complex data processing or analysis routines. The strength of the data lies in its simplicity; the data is compiled over the entire counting period, and any positive peaks in or near the ROI must be identified.
In the search for double-beta decay of 150 Nd to the 0 Fig. 8 show the detection of the coincidence events. There are two coincidence widths shown in Fig.  8 . The width of the coincidence window is ±2.50 keV for detector 2 (due to its slightly better resolution and the excess of 228 Ac decays seen by this detector), and ±3.00 keV for detector 1. Though there are other peaks near the ROI, the excess of counts at the correct energy is undeniable. The significance of the events in the ROI depends on the identification of the surrounding background peaks.
The half-life calculation can be accomplished through the use of the definition in Equation 7 ,
Here, N 0 is the number of 150 Nd nuclei in the sample, t is total counting time (642.8 days or 1.76 years), tot γγ is the total coincidence detection efficiency for the 333.97-406.52 keV cascade, and N γγ is the number of detected coincidence events minus background. The value of N 0 is 1.612×10 23 nuclei of 150 Nd (see Sec. II). As mentioned in Section II.7, the coincidence efficiency for the 333.97-406.52 keV cascade is γγ =(1.18±0.080)%.
Strictly speaking, in evaluation of background, existing peaks should be removed from the spectrum before background integration. To this end, effort must be made to identify all background peaks surrounding the regions of interest. In low-background counting experiments, this is a difficult endeavor due to the small number of counts involved. The evaluation of background is concentrated in regions where the continuum is perceived to be flat. In Fig. 8 (a) it is apparent that there is a peak located at 377.99 keV which can be attributed to a coincidence between gamma rays emitted from a cascade from the 1531.47 keV level in 228 Th. Thus, it is excluded from the background integration. In Fig. 8 (b) the region from 315 keV to 345 keV was excluded from the background integration. These background integrations result in an average background of 3.0 counts per keV. In spectra (a) and (b) in Fig. 8 the average ROI is taken to be 5.5 keV wide. There are 39 raw events in (a) and (b). Aside from the regions mentioned, the background was integrated from 350.00 keV to 445.00 keV in Fig. 8 (a) and 280.00 keV to 350.00 keV in Fig. 8 (b) + → 2 + → 0 + decays, and the efficiency must be adjusted accordingly. As seen in Fig. 15 , no events were detected above background for any of these decays, meaning that half-life limits may be set for double-beta decay to these states. The half-life limit is given by Table V .
VI. CONCLUSIONS
The results from the counting of 150 Nd for 642.8 days by our double-beta decay setup at Kimballton Underground Research Facility have been presented. These results are the culmination not only of two years of experimental counting time, but also several years of preparation and establishment of TUNL's first remote underground laboratory. The significance of this result will now be discussed.
The major result from this experiment is the observation of the 333.97 keV -406.52 keV coincidence which confirms the double-beta decay of 150 Nd to the 0 + 1 state of 150 Sm. Though this decay has been observed recently by Barabash et al. [5] , this is the first measurement which confirms that the coincidence has taken place. The results in [5] were obtained using a single high-purity germanium (HPGe) detector whose endcap was surrounded by 3046 g of natural Nd 2 O 3 . The total exposure was 1732 kg-h. These data do not take advantage of the coincidence technique used in the present work and so have significantly higher background in the regions of interest. Furthermore, Barabash et al. must take into account the numerous γ-ray lines which contaminate the regions of interest which are listed in Table IV . None of those have coincident partners in the regions of interest and are therefore not likely to enter our spectra.
Though the setup of Barabash et al. is rather simple, employing only one HPGe detector, there are still inherent difficulties to making a low-background measurement. Because of the coincidence mechanism used in the present work, there were many potential background candidates which could be discarded from the start. These background candidates continue to plague the measurement made by Barabash et al. [5] , who rely on observation of the 333.97 keV or 406.52 keV peak in a singles spectrum. The reliability of this result is dependent upon the fit to the background spectrum and the simulation of the potential contaminants in the regions of interest. Their result, T 1/2 = 1.33 −0.25 (stat) ± 0.07(syst.)) × 10 20 years. It is interesting to point out that our result obtained by using the coincidence technique has about the same statistical uncertainty as the result of [5] based on a singles measurement with almost a factor of three larger exposure (1732 kg-h versus 619 kg-h in the present case). In addition, our systematic uncertainty is considerably smaller than that of Ref. [5] . The recent systematic analysis of Ren and Ren [21] gives the value T 1/2 =0.776×10 20 years, in closer agreement with our result than that of Ref. [5] .The observation of double-beta decay to an excited final state has only been previously observed in one other nucleus, 100 Mo. ( [14] and references therein)
The limits for the decay of 150 Nd to the excited states of 150 Sm are summarized in Table V and include limits determined by Barabash et al. [5] . The limits determined in [5] range from about an order of magnitude to a factor of 3 better than the limits found in the present work. In these cases, our small coincidence efficiency makes singles measurements more favorable. In Ref. [22] , [23] , and [24] a different dependence of the particle-particle strength parameter (g pp ) was found in calculations of T 1/2 for 2νββ decay transitions to the ground state and excited final states. It would be very interesting to see whether the calculations of Fang et al. for 150 Nd support this observation. If confirmed, the present datum of T 1/2 for the 2νββ decay of 150 Nd to the 0 + 1 state in 150 Sm could be used not only to fine-tune theoretical calculations, but it could provide a second, quasi-independent observable to test and calibrate 0νββ decay NME calculations. This is of special importance once data from experiments such as the Drift Chamber Beta-ray Analyzer [25] and Super-NEMO [26] become available.
Finally, using the NEMO result [6] for the 2νββ ground-state transition rate, we find that the 2νββ decay of 150 Nd to the first excited 0 
